This PET study aimed at investigating the neural structures involved in pattern recognition in early blind subjects using sensory substitution equipment (SSE). Six early blind and six blindfolded sighted subjects were studied during three auditory processing tasks: a detection task with noise stimuli, a detection task with familiar sounds, and a pattern recognition task using the SSE. The results showed a differential activation pattern with the SSE as a function of the visual experience: in addition to the regions involved in the recognition process in sighted control subjects, occipital areas of early blind subjects were also activated. The occipital activation was more important when the early blind subjects used SSE than during the other auditory tasks. These results suggest that activity of the extrastriate visual cortex of early blind subjects can be modulated and bring additional evidence that early visual deprivation leads to crossmodal cerebral reorganization.
INTRODUCTION
Animal (Merzenich, 1987; Kaas, 1991) and human experiments (Neville and Lawson, 1987; Wanet-Defalque et al., 1988; Veraart et al., 1990) have shown that deafferentation of a primary cortical area leads to cerebral reorganization. In the case of early visual deprivation, high metabolic levels were observed in occipital areas of early blind (EB) individuals at rest compared to sighted control (SC) subjects (Wanet-Defalque et al., 1988; Veraart et al., 1990) . Moreover, the similar oxygen-to-glucose ratios recorded in the visual areas of EB and SC subjects are in favor of an aerobic metabolism of the EB visual areas and are thus related to neural activity (De Volder et al., 1997) . However, further evidence is required to investigate what this EB occipital neural metabolism does reflect in terms of neuronal functionality.
Electroencephalographic recordings in blind subjects show that sensory brain areas deprived of normal visual input remain electrically active. For example, in a study by Uhl et al. (1991) , reading and nonreading tactile tasks recruited more posterior areas in EB than in SC subjects. Also, other studies using event-related potentials (ERPs), magnetoencephalography, or positron emission tomography (PET) showed that occipital areas of EB subjects could be involved during sensory processing activities, like haptic mental rotation (Rösler et al., 1993; Röder et al., 1997) , auditory processing (Kujala, 1992; Kujala et al., 1995a,b; Weeks et al., 2000) , and somatosensory processing (Röder et al., 1996; Bü chel et al., 1998) . Striate cortex activation during Braille reading and, to a lesser extent, during tactile discrimination tasks, was even observed in a group of blind subjects, including EBs (Sadato et al., 1996 (Sadato et al., , 1998 . Moreover, a recent PET study of this laboratory showed that the use of an ultrasonic echolocation device had a tendency to further increase the metabolic activity in EB occipital cortex (De Volder et al., 1999) .
In our laboratory, Capelle et al. (1998) have developed a prosthesis substituting vision with audition (PSVA). Compared to existing sensory aids (including our ultrasonic echolocation device), PSVA is intended to allow spatial localization of objects as well as recognition of same. PSVA consists of the coupling of a rough model of the human retina with an inverse model of the cochlea, using a pixel-frequency relationship (Veraart, 1989) . In PSVA a head-worn TV camera allows online translation of visual patterns into sounds. Therefore, when the PSVA user moves the head, visual frames are grabbed at high frequency and generate in real time the corresponding complex sounds which allow recognition. In a previous study (Arno et al., 1999) , we demonstrated that blindfolded sighted subjects trained to use PSVA are able to recognize visual patterns. The present study aimed at investigating with PET the neural bases of this pattern recognition in blind humans using sensory substitution equipment (SSE) based on PSVA. For that purpose, blindfolded SC and EB volunteers were enrolled in an H 2 15 O PET study.
Both groups of subjects had to perform two active auditory processing tasks using meaningless and meaningful stimuli. Neural activation in both conditions was compared with the activation observed during pattern recognition using SSE. The first hypothesis was that an increased activation in the areas involved by the cognitive operations required by SSE should be observed in both groups. The second hypothesis was that differential activation patterns should be recorded as a function of visual experience. Since several studies have shown that auditory processing in EB subjects recruits occipital areas, additional occipital cortex activation in the EB group was also expected in the SSE condition. Indeed, using SSE requires the processing of complex sounds and the extraction of auditory coded visual invariants (Arno et al., 2001) . In order to observe learning-related changes in brain regions initially involved in the task achievement, all subjects were tested in the same conditions before and after several training sessions.
MATERIALS AND METHODS

Subjects
Six EB and six blindfolded SC male volunteers participated. All but two subjects (one in each group) were right-handed. EB subjects were recruited on a voluntary basis with the help of charities for the blind. They were completely blind (no light perception) as a result of early peripheral lesions, but had otherwise no neurological disease (Table 1 shows a summary of their medical histories). All subjects were given a pure tone audiometry test using a GSI 17 audiometer (GrasonStadler, U.S.A.). When a slight defect of auditory perception was observed (which was never above 40 dBA), the amplitude of the sound was increased accordingly during the experiment. The protocol of the study was approved by the Biomedical Ethics Committee of the School of Medicine of the Université Catholique de Louvain.
Sensory Substitution Equipment
PSVA has been described elsewhere (see Capelle et al., 1998; Arno et al., 1999) . Briefly, images captured by a miniature head-worn TV camera are transmitted to a PC. Each resulting image is simplified while presenting a high central and a low peripheral resolution level to simulate an artificial retina (see Fig. 1a ). The visual-auditory coding associates a specific frequency with each pixel of the processed image (see Fig. 1b ). In this code, pixel frequencies slightly increase from left to right within each horizontal line and are multiples of 2 1/2 from the bottom up within vertical lines. The subject hears the resulting summation of these frequencies multiplied by the gray levels of the corresponding pixels (i.e., an inverse Fourier transform), giving a real-time complex sound transmitted via headphones. The range of frequencies used by PSVA (from 50 to 12,526 Hz) is based on the standard spectral sensitivity curve of the human ear. Additional information is obtained from differences in binaural intensity and in phase balances (see Capelle et al., 1998, for details) .
The use of PSVA requires the subjects to scan their environment by moving the head-worn TV camera. Since no head movement was allowed in the present study during PET acquisition, a graphics tablet was adapted to the PSVA setup (see Fig. 2 ). The patterns to be recognized were displayed within an area of 64 ϫ 64 pixels at the center of the PC screen whose resolution was 1024 ϫ 768 pixels. The whole artificial retina of Fig. 1a was implemented in a square of 64 ϫ 64 pixels centered on the pointer whose position depended on the pen location upon the graphics tablet. During exploration of the graphics tablet, when a part of the artificial 
retina overlapped a part of the pattern, the related pixels were translated into sounds, according to the same transcription code as in the original PSVA. The exploration area was restricted to the central 300 ϫ 300 pixels of the PC screen. In the SSE, the auditory translation of vertical and horizontal visual segments produced characteristic complex sounds-harmonious and beating sounds, respectively-which were easily discernible. By an active process of mental reconstruction, subjects tried to understand how the different visual segments were assembled, taking advantage of the sensorimotor interactions between the hand moving the pen and the modifications in the resulting sounds (Arno et al., 2001) .
Procedure
The experiment consisted of a familiarization session, an initial PET study, 12 training sessions in sensory substitution and 3 evaluation sessions, and a final PET study. During the familiarization session, the subjects were provided with the instructions of the different PET tasks and with the functioning of the SSE. The training involved learning the code and using the SSE.
Familiarization Session
During this session, the subjects were instructed with the SSE. SC subjects were blindfolded. All subjects were requested to carefully listen to the sound changes resulting from their movements. The relationship between sound frequency and pattern location was explained: subjects were told that the sound frequency was very high or very low when the pixel fell within the upper or the bottom part of the visual field, respectively. For left-right pixel localization, subjects were instructed to take advantage of interaural differences.
Then, the subjects performed two auditory detection tasks composed of either meaningful or meaningless stimuli. The tasks were identical to the ones they would perform during the PET sessions (see below), except that the stimuli sets were different.
The familiarization session ensured that all subjects understood the functioning of the SSE device and the instructions they would have to follow during the PET studies. Thus it helped the subjects to relax during the PET study.
Stimuli
There were three kinds of stimuli, according to the condition: auditory meaningless stimuli, auditory meaningful stimuli, and auditory coded visual patterns produced by the SSE. A meaningless stimulus was made up of a succession of 40 sounds of 100 ms duration. Each of these 40 sounds was the translation of a horizontal or vertical segment previously produced according to the code implemented in the SSE. The duration of these sounds was much too short to give the subjects any chance to recognize the segments. Position, length, and orientation of these 40 segments were selected at random. Thus, the frequencies composing the meaningless stimuli were the same as the ones used for the auditory translation of the visual patterns
FIG. 1. (a)
The twofold retina comprises a total number of 124 pixels: 8 ϫ 8 large pixels (the "periphery") with the 4 central ones replaced by 8 ϫ 8 small pixels (the "fovea"). (b) The manner in which each pixel of the artificial retina (a) is associated with a specific sinusoidal tone is described by the formula f n ϭ 54 ⅐ 2 n/32 , expressed in Hz, where n is indicated on each square representing the pixels (b). The peripheral four white areas of (b) correspond to the 60 low-resolution pixels of (a), whereas the central white area corresponds to the fovea in (a). The two resolution levels thus correspond to different sets of frequencies. They roughly model the organization of the actual retina and allow for its dual functionality: spatial localization and pattern recognition (see Capelle et al., 1998 for details). with the SSE. Each of these noise stimuli lasted about 4 s. Altogether, there were three sequences of 18 successive meaningless stimuli, separated by a 1.2-s silent break. Each sequence lasted about 90 s.
Meaningful stimuli were familiar sounds recorded from a CD of sounding events (e.g., a baby's cry, a barking dog) using the Sound Blaster software on the PC. The selected sounds were of about 4-s duration and proved easy to quickly identify. Altogether there were three sequences of 18 successive meaningful stimuli with a 1.2-s silent break between successive stimuli. Each sequence lasted about 90 s.
Stimuli provided for active exploration during the sensory substitution condition resulted from visual patterns randomly selected from the 25 patterns of the training sessions, illustrated in Fig. 3 .
PET Studies
During each PET session, subjects underwent eight scans (2 ϫ 4 conditions): a resting state condition (REST), an active detection task composed of meaningless sound sequences (NOISE), an active detection task composed of familiar sound sequences (SOUND), and a pattern recognition task using the SSE (SSE). The first and last scans were always acquired during REST. The order of the three active conditions (six scans) was counterbalanced across subjects. Two scans of the same condition were never consecutive. SC subjects were blindfolded.
During REST, subjects laid quietly, with no movement before and during data acquisition. They were instructed to relax without focusing their mind on any particular thought. No auditory stimulation was provided.
The three active conditions were triggered by the experimenter by means of a personal computer (PC 586). Auditory stimulation was provided through headphones connected to the PC. The purpose of NOISE was to give the possibility in the later PET data analysis to subtract away from SSE the cerebral activity related to pure auditory stimulation. This condition was an attentional detection task. In order to increase the number of behavioral data, as already said, three sequences were presented altogether. The 80-s scan was running during only one of these sequences. It began 10 s after the beginning of either the first or the second sequence. The subjects had to listen carefully in order to detect whether a deviant sound (in this case a familiar sound) was inserted or not into each sequence. If so, they were instructed to press the graphics pen button held in the dominant hand. One deviant stimulus was always inserted into a sequence, except during PET data acquisition. During the task, the subjects had to move the pen on the graphics tablet at random. This allowed us to subtract away the cerebral activity related to hand movements in SSE. In order to increase their attentional level, subjects were told that a question concerning the sounds they were about to hear could be asked at the end of each sequence. They had then to respond with "yes," "no," or "I don't know." SOUND was designed to subtract away from SSE the cerebral activity related to automatic auditory pattern recognition. This condition was also an attentional detection task, as for NOISE: the subjects had to detect FIG. 2. Schematic representation of the sensory substitution equipment. A graphics tablet is connected to a PC to allow exploration of patterns generated by the PC. Two pairs of headphones (for both subject and experimenter) provide the amplified complex sounds, processed by a dedicated printed card board. The original PSVA used a head-worn TV camera and an image digitization board (represented in gray) instead of the graphics tablet used in the present PET study.
FIG. 3.
The 25 patterns used in this study.
whether a deviant sound (a noise burst) was inserted or not into three sequences of familiar sounds. The procedure was the same as for NOISE. Particularly, the subjects had to move the pen on the graphics tablet at random.
During SSE, visual patterns had to be explored using the graphics tablet. Subjects tried to recognize each pattern in the same way as during training (see below). The presentation period of a given pattern never exceeded 90 s. The 80-s scan began either after 10 s of stimulation with SSE or after 110 s. In the case of recognition of a given pattern, subjects had to immediately press the button of the graphics pen. The pattern then disappeared and another pattern was presented after 2 s. Subjects were never asked to reconstruct the pattern at the end of each pattern presentation. Instead, after data acquisition, a simple verbal question requiring a simple answer ("yes," "no," or "I don't know") might be asked (for example, "Is there a horizontal line in the pattern?"). Whenever a pattern was recognized before the scan was ended, no response was asked for to avoid activation of language production areas. In such occurrences, subjects had been instructed not to memorize the pattern and to concentrate on the next one, which appeared 2 s later. A minimum of three patterns was presented altogether.
No feedback was given during the whole experiment. Responses were recorded by the experimenter during the scanning sessions.
Training
After the first PET study, all subjects were trained with the SSE device during 12 1-h sessions using a correction feedback procedure. The training sessions were distributed over an 8-to 10-week span. The training included 25 bidimensional stimuli (see Fig. 3 ). It began with the simplest stimuli and continued with the more complex ones.
During the training, the subjects learned to move the pen on the graphics tablet to scan patterns displayed on the PC screen. Performance was assessed in three evaluation sessions scheduled before the first training session, after 6 training sessions, and after 12 training sessions. Performance was assessed by asking the subjects to reproduce each presented pattern by means of metallic bars and small squares they had to arrange in a frame. The metallic elements represented either lines or pixels. The borders of this frame provided vertical and horizontal reference axes (see Arno et al., 1999 Arno et al., , 2001 , for details). SC subjects were blindfolded. After the 12 training sessions, each subject underwent the second PET scanning session.
Measurements and Image Reconstruction
Measurements of local radioactivity uptake were made using an ECAT EXACT-HR PET tomograph (CTI/Siemens), which allows simultaneous imaging of 47 transaxial slices in three-dimensional (3-D, septa retracted) mode, with an effective resolution of 8-mm full width at half-maximum (FWHM) (Wienhard et al., 1994) and a slice thickness of 3.125 mm. All images were reconstructed, using a standard software including scatter correction, with both a transaxial Hanning filter (cutoff frequency of 0.30) and an axial Hanning filter (cutoff frequency of 0.50). Positioning of the subject in the gantry was accomplished by aligning two sets of low-power laser beams with the canthomeatal line and the sagittal line, respectively. Head-restraining adhesive bands were used. For radiotracer injection, a 22-gauge catheter was placed in the antecubital vein of the left or right arm according to the handedness of the subject, the dominant arm being left free to allow comfortable pattern scanning using the graphics pen.
Prior to tracer administration, each subject underwent a 15-min transmission scan performed with retractable germanium-68 rotating rod sources, allowing the subsequent correction of emission images for attenuation. Transmission scans were acquired with a rodwindowing technique (Jones et al., 1995) producing scatter-free attenuation maps. Cerebral blood flow measurement was then performed using a 20-s bolus of oxygen-15-labeled water (8 mCi, 2.96 ϫ 10 2 MBq). As mentioned before, beginning at the initiation of tracer injection, the related task was started and PET data were acquired 10 s later in a single 80-s frame. The integrated counts accumulated during 80-s scans were used as an index of regional cerebral blood flow (rCBF) (Mazziotta et al., 1985) . The time interval between successive emission scans was 13 min, which allowed decay of residual radioactivity.
For each subject, 3-D MRI anatomical data were also obtained on a 1.5-T unit (General Electric Signa) using the spoiled grass technique. T1-weighted images (TR ϭ 25 ms, TE ϭ 6 ms, flip angle 258°, slice thickness 1.5 mm) were obtained in the bicommissural (AC-PC) orientation.
Image Analysis
Individual PET images were realigned to correct for interscan movements and coregistered to the subject's MRI using AIR 3.0 (Woods et al., 1998a,b) . The resulting matching brain images were spatially normalized using SPM 96 (Wellcome Department of Cognitive Neurology) implemented in Matlab (Mathworks, Inc.) in the Talairach and Tournoux (1988) coordinate system with a cubic 2-mm voxel size. The accuracy of realignment and normalization procedures was assessed with an interactive home-made image display software (Michel et al., 1995) implemented in IDL language (IDL Research Systems, Inc.). Finally, the PET images were smoothed using an isotropic Gaussian filter of 15 mm FWHM and corrected for global activity by proportional scaling (Fox et al., 1988) . In order to identify the regions showing significant rCBF changes, statistics were computed on a voxel-by-voxel basis, using the general linear model (Friston et al., 1995) . The resulting voxel sets of each contrast constitute a statistical parametric map of the t statistic, SPM{t}, which was then transformed to the unit normal distribution SPM{Z}. Each individual MRI, after normalization using the same transformations as for the PET images, allowed the overlay of the obtained Z map on the normalized MRI.
Effect of Early Blindness on rCBF at Rest
To assess the effect of early blindness on the regional neural activities during REST, the two rest scans obtained from each subject were averaged in both groups (EB and SC), independently for each study. They were compared by means of the compare-studies option provided by SPM 96. Proportional scaling was performed in order to eliminate any global CBF effects.
rCBF Comparisons
The main effect of training, independent of the visual experience (condition ϫ day), was first isolated by cumulating data from both groups during each PET study and by subtracting a given contrast performed on the first PET study from the similar contrast performed on the second PET study. Then the group ϫ day ϫ condition interaction was analyzed to reveal the differential training effects.
Afterward, statistical analyses were performed for each group separately, using a multisubject design (with replications). The contrast (SSE Ϫ NOISE) was used to investigate the neural bases of pattern recognition using the SSE, since NOISE subtracted the cerebral activity related to the auditory stimulation. Nevertheless, as our major interest concerned the possible recruitment of visual structures during SSE, it was necessary to take into account the higher activity level observed at rest in the EB's occipital areas compared to SC (Wanet-Defalque et al., 1988; Veraart et al., 1990) . Thus, the contrast of interest (SSE Ϫ NOISE) was masked with the contrast (SSE Ϫ REST). The contrast (SOUND Ϫ REST) allowed us to investigate the effects of the automatic auditory recognition. Only regions significantly activated at P Ͻ 0.05 (corrected for multiple comparisons) were considered.
Behavioral Data Analysis
Training Assessment
During the three evaluation sessions, the experimenter recorded the subject responses, without providing any feedback. Each response was scored as 1, if completely correct, or 0 otherwise. The maximum possible score for a given subject was 25 for a given evaluation session. The total was then expressed in percentage.
Behavioral Performance during the PET Studies
Responses were recorded by the experimenter for each condition (NOISE, SOUND, and SSE). For NOISE and SOUND, if the subject correctly detected the deviant stimulus, the score was 1 for that sequence. Otherwise (no detection or false alarm), the score was 0. For these two conditions, the mean score of the six responses (2 ϫ 3 sequences) was computed for each subject. For SSE, each correct response was rated 1 while false answers were scored as 0. As no answer was required whenever subjects pressed the pen button during the PET acquisition, the numbers of recorded responses and corresponding processing times were not identical for all subjects.
RESULTS
Behavioral Data: Training
Results of the three evaluation sessions (E1, E2, E3) are illustrated in Table 2 . Both dependent variables were studied by means of a 2 (group) ϫ 3 (session) analysis of variance and t test comparisons.
For scores, there were significant main effects of the group (F 1,10 ϭ 9.37, P Ͻ 0.05) and the session (F 2,20 ϭ 214.57, P Ͻ 0.001), as well as a significant interaction (F 2,20 ϭ 9.61, P Ͻ 0.001). The EBs' performance was significantly better than that of SCs. Test for the group effect showed that the groups did not differ for the evaluation E1, but did significantly differ for evalua- tions E2 (F 1,10 ϭ 12.98, P Ͻ 0.01) and E3 (F 1,10 ϭ 5.68, P Ͻ 0.05). Test for the evaluation session effect showed that the increase between E1 and E2 was significant (F 2,10 ϭ 102.53, P Ͻ 0.001), as well as that between E2 and E3 (F 2,10 ϭ 11.21, P Ͻ 0.005). Student's t tests for paired observations showed that the performance of the SC group significantly improved between sessions 1 and 2 (t 5 ϭ 5.32, P Ͻ 0.001) and between sessions 2 and 3 (t 5 ϭ 3.38, P Ͻ 0.05). For the EB group, there was a significant increase between sessions 1 and 2 (t 5 ϭ 33.38, P Ͻ 0.001), but not between sessions 2 and 3, for which the scores were very high, indicating a ceiling effect. For processing time, there were significant main effects of the group (F 1,10 ϭ 10.397, P Ͻ 0.05) and the session (F 2,20 ϭ 9.036, P Ͻ 0.001). The interaction was not significant.
Behavioral Data: Scan Session
Behavioral data obtained during the two scanning sessions are illustrated in Table 3 . Results showed that both attentional tasks (meaningful vs meaningless material) were achieved with a high performance level and that the EB group performed better than the SC group. Statistical analyses were not performed due to insufficient data in SSE (maximum of three patterns).
PET Results
REST: Higher Activity in the Occipital Cortex of the EB Subjects Compared to Controls
There was a significant difference in rCBF at rest in the primary visual cortex, as well as in the association visual cortex: the occipital cortex reached a higher activity level in EB than in SC subjects.
Cortical Areas Identified during SSE
Effect of training. Analyses performed to investigate the effect of training independent of the visual experience showed only that the left inferior frontal gyrus, the Brodmann area (BA) 44, tended to be more activated during the second PET study than during the first (P Ͻ 0.001 uncorrected). The group ϫ condition ϫ day interaction was not significant. Table 4 (first PET study) and Table 5 (second PET study) show the results of the contrasts (SSE Ϫ REST), (SSE Ϫ NOISE), and (SOUND Ϫ REST). Results of the contrast of interest (SSE Ϫ NOISE) masked with the contrast (SSE Ϫ REST) are now further detailed.
Analyses by group.
For SC subjects, pattern recognition with the SSE activated the superior parietal lobule (BA 7), the inferior parietal lobule (BA 40), and the middle temporal gyrus (BA 37) during the first PET study (see Table 4 ). All activation foci were right-sided. During the second PET study, activation of the right precuneus (BA 7), the right parietal lobule (BA 40), and the left inferior parietal lobule (BA 40/7) was observed (see Table 5 ). For EB subjects, pattern recognition with the SSE activated the right (BA 7) and the left (BA 19) precuneus as well as the right middle temporal gyrus (BA 19) during the first PET study (see Table 4 and Fig. 4) .
During the second study, no significant focus (corrected for multiple comparisons) was observed. The activation foci, though at a smaller uncorrected threshold (Ͻ0.001 uncorrected), were the right middle frontal/precentral gyrus (BA 6/4), the left inferior parietal lobule (BA 40), the right and left precuneus (BA 7), the left precuneus (BA 19), the left middle occipital gyrus (BA 19), the left superior frontal gyrus (BA 6), the left inferior frontal gyrus (BA 44, Broca's area), and the superior parietal lobule (BA 7), as presented in Table 5 .
Group ϫ condition interaction. The left cuneus (BA 18) was more activated in the EB group than in the SC group, using SSE, during the first PET study (see Table 6 and Fig. 5 ). During the second PET study, there were no activation foci at the P Ͻ 0.05 threshold corrected for multiple comparisons. At the P Ͻ 0.001 level not corrected, several foci appeared to be more activated in the EB group than in the SC group: the right inferior occipital gyrus (BA 18), the right paracentralis lobule (BA 5), and the left inferior parietal lobule (BA 40) (see Table 7 ).
DISCUSSION
Visual pattern recognition using the SSE involved several cortical regions. Specifically, pattern recognition before training resulted in activation of the right parietal lobule (BA 7), the right inferior parietal lobule (BA 40), and the right middle temporal gyrus (BA 37) in the SC group, whereas it activated the right precuneus (BA 7), the left precuneus (BA 19), and the right middle temporal gyrus (BA 19) in the EB group. Most of these cortical areas were activated during the two PET studies, before and after training. This suggests that our training procedure did not modify significantly the neural circuits involved in the task. The results also showed a significant difference between the two groups in the occipital cortex at rest: the striate and the extrastriate occipital cortex displayed a higher activity level in EB subjects compared to SC, supporting the previous observations of this laboratory (Wanet-Defalque et al., 1988; Veraart et al., 1990; De Volder et al., 1997) . Different activation patterns were also observed between the groups of subjects for the auditory tasks. This suggests that early visual deprivation leads to a cerebral functional reorganization. We will first consider the cerebral regions activated during pattern recognition using the substitution device (first PET study) for each group and will then discuss the effect of training in this task, even if only trends were observed.
Neural Network Involved in Sensory Substitution in SC Subjects
Understanding the cognitive operations involved in the recognition process using sensory substitution may help to interpret the observed activation foci. Auditory recognition of a visual pattern implies both identifying the various individual bars and understanding how they are spatially assembled (Arno et al., 1999) . Identification of the individual bars requires the recognition of the characteristic sounds corresponding to specific visual segments, whereas understanding their spatial relationship results from sensory motor interactions between hand movements and the related sounds. When a subject was scanning a pattern with the graphics pen, he focused his attention on only parts of the pattern at a time, while the total image had to be mentally synthesized over time. Therefore, some visuospatial working memory should be involved. Thus, if the auditory stimulation (NOISE) is subtracted from SSE, activation of areas responsible for spatial processing (in the parietal cortex) and working memory (in frontal lobes) is expected.
The results obtained with the control group roughly support this expectation. Three activation foci appeared to be significantly more activated during SSE than during NOISE: the superior parietal lobule (BA 7), the inferior parietal lobule (BA 40), and the middle temporal gyrus (BA 37). The three regions were located in the right hemisphere, known to be more involved than the left hemisphere in spatial processing (Sergent, 1991; Smith et al., 1995) . The spatial processing involved in the image recognition process might be Note. Coordinates in standard stereotactic space are in millimeters and refer to maximally activated foci as indicated by the highest Z score within an area of activation. Negative values correspond to voxels to the left (x), posterior ( y), or inferior (z) with respect to the anterior commissure. NS means that the level is significant only at a P value uncorrected for multiple comparisons.
reflected by the right activation of the superior and inferior parietal lobules (BA 7 and 40) . Several studies demonstrated that the superior parietal cortex is functionally related to the handling of spatial representations (Mishkin et al., 1982; Kosslyn, 1987) and to crosssensory integration; the right BA 40 is also known to be involved in the generation of spatial representations (Smith et al., 1995) . Moreover, lesions in this area 40 lead to impairments in spatial coding and in memory for spatial information (Warrington and Rabin, 1970; Egly et al., 1994) . It is thus likely that the different positions of the various segments within the pattern to be recognized are sequentially encoded at this cerebral area level during scanning.
In our hypothesis, frontal activations were also expected since we suggested that spatial working memory is involved in the pattern recognition process using sensory substitution. These activations were indeed observed, but did not approach significance.
Neural Network Involved in Sensory Substitution in EB Subjects
Sensory substitution also activated BA 7 in EB subjects, as observed in SC subjects. This activation probably reflects the spatial processing of the task. Previous ERP studies on mental rotation demonstrated that the same cortical areas in the parietal cortex are implicated in spatial processing in sighted and in blind subjects (Rösler et al., 1993) . EB subjects are indeed known to be able to generate different spatial representations and to benefit from visuospatial representation (Marmor and Zaback, 1976; Kerr, 1983; Cornoldi et al., 1991) . This is not surprising given that blind people can access spatial information in their environment through spared sensory modalities.
BA 19 (in the precuneus and the middle temporal gyrus) was activated bilaterally in the EB group during SSE. In addition, the group-by-condition interaction Note. Coordinates in standard stereotactic space are in millimeters and refer to maximally activated foci as indicated by the highest Z score within an area of activation. Negative values correspond to voxels to the left (x), posterior ( y), or inferior (z) with respect to the anterior commissure. NS means that the level is significant only at a P value uncorrected for multiple comparisons.
showed that the extrastriate cortex (the left cuneus, BA 18) was significantly more activated in the EB group than in the SC group. These results thus suggest that early visual deprivation leads to a reorganization of sensory representations. Cross-modal expansion of other sensory modalities into normally visual brain areas was also demonstrated in studies with early visually deprived animals (Rauschecker et al., 1995) and is in agreement with electrophysiological studies in humans (Kujala et al., 1995a,b; Röder et al., 1996) . The activation of EBs' occipital cortex was also reported in PET studies concerned with somatosensory processing, like Braille reading (Bü chel et al., 1998; Sadato et al., 1996 Sadato et al., , 1998 . It is noteworthy that auditory pattern recognition, tested by the contrast (SOUND Ϫ REST) (Table 4) in the present study, did not bring out any activation of the EB subjects' occipital regions. This suggests that auditory processing is not always concomitant with an additional recruitment of the occipital cortex in EB subjects. Alternatively, should the SSE task be more demanding than SOUND and NOISE, it would request larger processing resources. Therefore, following Röder et al. (1996) , one would expect for SSE a higher level of activation in the EBs' occipital cortex (than in the SCs') where additional neural tissue might remain available. Figure 5 shows that the levels of rCBF during the three auditory tasks are below the REST level in the SC group in BA 18. This might be explained by a cross-modal suppression (Haxby et al., 1994; Kawashima et al., 1995) due to a shift of attention. In this case, cerebral regions representing the modality in use (audition) are activated, whereas acti- vation of cerebral regions representing the other modalities, among which is vision, are suppressed. On the contrary, the plot shows that for the EB group, the REST level, which is slightly higher than the NOISE level, is below the SSE level. Thus, these data show that the higher level observed at rest in visual structures of EB subjects can be further increased in case of sensory substitution. Our results fail to show any activation of the primary V1 area in the EB group. This is in agreement with observations made by Bü chel et al. (1998) in the case of Braille reading, but differs from the V1 activation observed by Sadato et al. (1996 Sadato et al. ( , 1998 in a group of blind subjects, including congenitally blind subjects. Provided further confirmation by additional studies on that topic, the results of the present study are in favor of a cross-modal reorganization phenomenon restricted to extrastriate areas.
Effects of Training
Our results did not show a significant difference in the activation patterns between the two consecutive PET studies. In the SC group, individual analyses performed during the second PET study confirmed the activation of the right BA 7 and 40. Activation of the left inferior parietal lobule (BA 40/7) was also recorded. The training seemed to have extended the activation toward the left, suggesting that activation from area 40 spilled over the right hemisphere, although the condition ϫ day interaction did not show a higher activation level in the left BA 40 during the second PET study compared with the first. The right hemisphere is   FIG. 5. A plot of the activity at a voxel in the cuneus (BA 18: x ϭ Ϫ20, y ϭ Ϫ92, z ϭ 12, according to Talairach and Tournoux, 1988 ) is shown for both groups and for each condition (first PET study). The graph allows one to visualize that the brain activity at this voxel is more elevated during SSE than during the three other conditions for the EB group, whereas this is not the case for the SC group. Moreover, the graph shows that the cerebral activity during SSE is increased compared with REST. For the SC subjects, activity levels in the three auditory conditions are inferior to that in REST. known to have a crucial role in spatial information processing, but the left hemisphere could also deal with this kind of information and both hemispheres could conjointly operate (Sergent, 1991; Horwitz et al., 1992) . In the EB group, the results suggested a neural network more extended in the second PET study than in the first, although results were not statistically significant. After a limited period of training, the activation level observed in the EBs' occipital cortex did no longer appear higher than the SCs'. Since the training likely rendered the task more routinely executed, less attention resources were probably required during the second PET study. This is in agreement with Raichle et al. (1994) who showed a reduction of brain activity with task practice.
Although the interpretation of an absence of an effect is highly speculative, the lack of difference before and after training could suggest that the neural structures involved in the recognition process were identical before and after training. As soon as they were trained, the subjects could apply the appropriate strategies, already on the first acquisition day. This is not surprising because the visual-to-auditory substitution code is natural to use (Arno et al., 1999) . It must be recalled that the instructions given during the familiarization session were clear and complete, and that the code principles were explained. Meanwhile, the poor behavioral performance recorded before training suggests that the knowledge of the appropriate strategies was not sufficient to recognize the patterns, and that training was needed. As already said, the recognition process with the graphics tablet was partly sequential, requiring some mental reconstruction of the pattern over time. It is reasonable to assume that before training, the subjects tried to recognize the patterns, applying the appropriate strategies, but failed. The recorded brain activity may support this hypothesis. After several training sessions, subjects could recognize patterns, but with a processing time still relatively long compared with the scanning time. If spatial strategies were dominant during the 80-s scan, then the cerebral activity related to the image recognition process did not appear in the results. The PET method, although accurate at identifying active brain regions, cannot follow rapid changes in mental activity, so that it is not possible to derive the temporal sequence of activated areas on the basis of the present results. In order to bring some effects in evidence, a longer training period could also be necessary.
The analyses nevertheless reveal that the left inferior frontal gyrus (Broca's area 44) had a tendency to be more activated during the second PET study than during the first. Subjects anecdotally reported that, with training, as soon as they recognized an auditory invariant, they actually coded this information by giving it a name (e.g., "That's a horizontal bar."). Thus, after training, subjects used verbal coding in addition to visuospatial strategies as a help in the recognition process. Perhaps additional training would bring a more efficient recognition process, using a less sequential strategy.
The reported experiment confirms that auditory substitution of vision allows EB subjects to recognize visual patterns. The results bring support to the previous hypothesis that spatial strategies would be required in the process of auditory substitution using SSE (Arno et al., 1999 (Arno et al., , 2000 as parietal areas were recruited during object recognition using the device. Both SC and EB groups showed similar activation patterns, suggesting that spatial processing also occurred at this level in EB subjects. Moreover, occipital structures appeared to be recruited by the process in EB subjects but not in the SC group. Our analyses also show that the activation of the occipital cortex of EB subjects was not always concomitant with a natural auditory processing. Taken together, these results suggest that the high activity level observed in the occipital areas of EB subjects at rest can be further increased and modulated by a sensory substitution task.
